Adolescence is a time of rapid changes in sleep habits and rising prevalence of sleepiness. The importance of measuring sleep in this population is increasingly recognized. In adults, measurements of sleep by actigraphy correlate well with sleep data from EEG recordings. Since actigraphy is increasingly utilized in adolescent sleep studies, more information is needed about reliability in this age group. This analysis investigated which actigraphy data mode is optimal for data collection in adolescents and explored the level of agreement between actigraphy and polysomnography (PSG) in population subgroups. 
INTRODUCTION

ADOLESCENCE IS A TIME OF RAPID CHANGES IN SLEEP PATTERNS AND OF RISING PREVALENCE OF SLEEPI-NESS, WITH ADOLESCENTS HAVING BEEN IDENTIFIED
as being at high risk for problem sleepiness. 1 Sleep deprivation among adolescents is a rising concern among parents, health professionals, and educators. 2, 3, 4, 5, 6 In light of the concerns and growing awareness of the problems associated with adolescent sleep, the importance of measuring sleep duration in adolescents is increasingly recognized.
Wrist actigraphy is a noninvasive and relatively inexpensive means of estimating sleep based on recording and analyzing motion data. Although actigraphy has been used to estimate sleep patterns for over 25 years, the methodology by which actigraphy data should be accumulated, processed, and scored in order to optimize sleep/wake inference continue to be explored. 7 Previous research has shown that sleep differs in adolescence as compared to earlier periods of childhood and to adulthood. 8, 9 Because the relationship between sleep and movement may vary over the age spectrum, researchers have identified the need to independently test the validity of actigraphy-based sleep-wake inference in an infant population. 10 However, little has been done to validate current methods for actigraphy data processing in an adolescent population.
In healthy adults, actigraphy-based estimates of sleep correlate well with sleep data from EEG recordings obtained from polysomnography (PSG). However, estimates of sleep from actigraphy have been found to be less reliable as sleep becomes more disturbed. 7, 11, 12, 13 Others have shown that actigraphy appears to be limited in the accuracy of its estimation of sleep in the presence of the sleep fragmentation associated with sleep disordered breathing (SDB). 12 Whether and to what extent these findings are generalizable to an adolescent population has yet to be shown.
This study compared sleep/wake inference from actigraphy data to that obtained from overnight PSG in 181 adolescents, comparing subgroups by gender and SDB, in order to identify the mode of data processing that best correlates with PSG-determined sleep estimates. This study (1) sought to determine the optimal data mode for processing actigraphy data in adolescents, and (2) investigated the following hypotheses: i) total sleep time (TST) from actigraphy has high agreement with TST from PSG in adolescents, and ii) the agreement between actigraphy and PSG will be stronger in adolescents without SDB than those with SDB. Due to previous findings that there are differences in sleep patterns and movement during sleep between adolescent girls and boys, 14, 15, 16 possible gender differences in the agreement between actigraphy and PSG were also explored.
METHODS
Study Population
The study sample consisted of 181 adolescents who were participating in the Cleveland TeenZzz Study, an ongoing longitudinal cohort study designed to evaluate the role of sleep disturbances in a wide range of health outcomes. TeenZzz participants represent a sample of adolescents who initially participated in the Cleveland Children's Sleep and Health Study (CCSHS), an urban community-based cohort of 907 children assembled as a stratified random sample of full-term and preterm children born at Cleveland area hospitals between 1988 and 1993. This cohort was designed to overrepresent African American and former preterm children as described previously. 17 For the TeenZzz Study, 250 of these children, including all snorers and children with SDB and a random sample of the remaining cohort were targeted for evaluation during adolescence. This study was based on 181 adolescents for whom actigraphy data were collected concurrently with polysomnography.
Study Protocol
In a standardized research protocol in a dedicated clinical research facility, each adolescent had overnight PSG and underwent measurement of height and weight, with calculation of BMI as the ratio of weight in kilograms to the square of height in meters. BMI percentile was generated based on population data from the National Health and Nutrition Examination Survey (NHANES) 1999-2000. 18 Participants with a BMI percentile ≥95% were classified as overweight. For the week prior to the PSG (while at home) and during the overnight PSG study (in the clinical research center), the participant wore a wrist actigraph and completed daily sleep logs. Informed consent was obtained from the child's caregiver and written assent from the child. The study was approved by the governing institutional review boards.
Polysomnography and Sleep Data
Full-channel overnight PSG was collected (E-Series, Compumedics Ltd., Abbotsford, Victoria, Australia) recording brain wave activity (C 3 /A 2 and C 4 /A 1 electroencephalogram), eye movements (right and left electrooculogram), respiratory effort (thoracic and abdominal inductance belts), airflow (nasal/oral thermister and nasal pressure cannula), ECG, pulse oximetry, snoring (microphone), body position, and leg movements (piezoelectric leg paddles). The procedures for scoring PSG data have been described in detail previously. 19 In brief, sleep stages were identified for each 30-second epoch according to Rechtshaffen and Kales criteria. 20 Arousals were scored as characterized by the Academy of Sleep Medicine criteria. 21 Obstructive apneas were identified if the amplitude of airflow was absent or nearly absent for at least 8 seconds and the duration of at least 2 breaths. Hypopneas were identified if the amplitude of respiratory signal (airflow, chest or abdominal effort) decreased below 70% of "baseline" breathing for at least 6 seconds and the duration of at least 2 breaths, and was associated with ≥3% drop in oxygen saturation. Central apneas were identified if no displacement was seen on the chest and abdominal effort channels. The apnea-hypopnea index (AHI) was calculated as the total number of obstructive apneas and hypopneas per hour of sleep. Total sleep time (TST) was defined as the total number of minutes scored as sleep. The AHI was dichotomized into those without SDB (AHI <5) and those with SDB (AHI ≥5), and further categorized into no SDB (AHI <5), mild SDB (5≤ AHI <15), and severe SDB (AHI ≥15).
Actigraphy Data and Scoring
Each adolescent wore a wrist actigraph for a period of 5 to 7 days. Due to scheduling and availability of equipment, actigraphy data was collected on the night of PSG for only 181 of the participants. Actigraphy data was collected using the Octagonal Sleep Watch 2.01 (AMI, Ambulatory Monitoring, Inc., Ardsley, NY) placed on the nondominant wrist, and configured for data collection using ACT-Millennium software (AMI). The actigraph uses a piezoelectric sensor that generates a signal based on movement. The analog signal is then digitized and for each 1-minute epoch an activity count is calculated and stored based on 1 of 3 data modes. There are currently 3 data modes available in wrist actigraphs: Proportional Integration Mode (PIM), also known as digital integration, calculates the area under the curve for each epoch; Time Above Threshold (TAT) counts the amount of time per epoch that the signal is above a set threshold; and Zero Crossing Mode (ZCM) counts the number of times per epoch that the signal crosses a threshold (set very close to zero). 7 The equipment chosen for this study allowed simultaneous collection in all 3 data modes.
Actigraphy data were scored using Action-W analysis software (AMI). For this analysis, actigraphy data were edited to include only the night of the PSG, and the data analysis window was marked so as to match the PSG in start and end times. Timing was determined using lights out and lights on from PSG, which were set to occur no later than 23:00 and 08:00, respectively. The computers performing the PSG and setting up the actigraph were synchronized to a standard time. For actigraphy, sleep or wake is classified for each 1-minute epoch based on the activity score from that minute and applying an algorithm that weights the activity score from surrounding minutes. 7, 23 Our analyses used the UCSD algorithm, available within the analysis software, to calculate sleep or wake for each minute of data, 22, 23 and TST was calculated for each of the 3 data modes as the total number of minutes scored as sleep. Although other algorithms are available, our initial work showed that the agreement for TST estimation when comparing different algorithms was very high (i.e., intraclass correlation coefficients of 0.98 for UCSD vs. Cole-Kripke; 0.96 for UCSD vs. Sadeh; 0.98 for Cole-Kripke vs. Sadeh based on the sample of 181 records). Thus, to focus the analyses on the impact of different data modes on agreement relative to PSG-determined TST, actigraphic values were generated with the UCSD algorithm.
Statistical Analysis
Analyses were designed to (1) assess the agreement between actigraphy-based estimates of TST compared with PSG for each of the 3 data modes to determine which data mode is optimal for Sleep Estimation Using Wrist Actigraphy-Johnson et al estimating TST in adolescents; (2) investigate changes in the level of this agreement in population subgroups, namely by SDB and gender. Analyses were performed using SAS version 9.1 (SAS Institute, Inc., Cary, NC).
Sample characteristics were summarized by mean and standard deviation for normally distributed variables, median and interquartile range for skewed variables, and number and percent for categorical variables. Sample characteristics were also stratified by gender, and groups were compared using unpaired t-test for normally distributed variables, Wilcoxon rank-sum test for skewed variables, and Pearson chi-squared test or Fisher's exact test for categorical variables. Differences in TST between PSG and each data mode were calculated and were compared using paired t-tests. Bland-Altman plots 24 and bar plots were generated as graphical tools for comparison of agreement, and groups were compared using Mantel-Haenszel chi-square test or Friedman's chi-square test. Intraclass correlation coefficients were used to compare the relative association of TST from PSG and actigraphy.
RESULTS
Sample characteristics are summarized in Table 1 . The sample was 50% male, 55% African American, 28% overweight (mean BMI of 23.8 ± 6.8 kg/m 2 ), and had a mean age of 13.7 ± 0.9 years. The median AHI for the sample was 0.47 (IQR: 0.16, 1.23). Seventeen adolescents (9%) had an AHI ≥5. Gender differences were seen in AHI, with more boys in the higher AHI categories.
Comparison of PSG to Actigraphy by Data Mode
To assess the accuracy of measures of TST by each of the 3 actigraphy data modes, the mean TST and mean difference compared to concurrent measurement of sleep using PSG from each data mode are summarized in Table 2 . On average, actigraphy tended to underestimate sleep duration compared to PSG, but of the 3 data modes, TAT provided estimates of sleep duration that were closest to measures made by PSG, with a mean difference from PSG of 11 minutes (95% CI: 0.8, 21.5; P = 0.035). This is contrasted with ZCM (33 minutes; 95% CI: 20.0, 32.7; P <0.001) and PIM (54 minutes; 95% CI: 41.7, 66.3; P <0.001). Subgroup analysis revealed that TAT provided estimates closer to PSG than ZCM and PIM in nearly all subgroups.
Bland-Altman plots were also employed to display the relative agreement of each data mode with PSG ( Figure 1 ). The plots show that for all 3 data modes, actigraphy estimated TST more closely to that from PSG when the total sleep time was longer, and that the large differences tended to result from actigraphy underestimating TST. For TAT, the estimates of TST were clustered closer to those by PSG with fewer large differences in comparison with the other data modes.
The absolute difference in TST between PSG and each actigraphy data mode was categorized into ≤30 minutes, 31-60 minutes, 61-90 minutes, and >90 minutes, and the number of measurements in each category were compared using Friedman's chi-square test. The percentage of measurements in each category are shown for each data mode in Figure 2 . There was a significant difference between the 3 groups (P <0.001) and between TAT and ZCM (P = 0.001). Again, TAT had a larger percentage of measurements closer to PSG (57% within 30 minutes of PSG, compared to 49% for ZCM and 34% for PIM), with fewer large differences than ZCM and PIM (only 10% with differences >90 minutes, compared with 19% for ZCM and 24% for PIM).
Finally, intraclass correlation coefficients (ICC) were calculated to measure the association between TST by PSG compared to that by each of the actigraphy data modes. The overall ICCs were low to moderate, but were highest for TAT compared to other data modes (Table 3 ). Subgroup analysis revealed that ICCs remained higher for TAT than for other data modes in nearly all subgroup categories.
Comparison of PSG to Actigraphy by Subgroup
Based on the above results, TAT was used as the data mode for the following subgroup analyses. Differences in TST from PSG and actigraphy by subgroup are also shown in Table 2 . While measures of TST by actigraphy were close to those from PSG among those with no SDB, actigraphy underestimated sleep by over 90 minutes on average in the presence of SDB. Measures of TST by actigraphy were also closer to those by PSG for girls than boys, with TST among boys being underestimated by 31 minutes on average. Results showed that these gender differences were not fully explained by presence of SDB. ICCs were also calculated by subgroup (Table 3) . ICCs were higher for those without SDB, while those with SDB had ICCs at or very near zero. ICCs were also higher for girls than boys, and this gender difference persisted when considering only girls and boys without SDB.
Differences in the level of agreement in TST from actigraphy among AHI subgroups were further explored graphically. BlandAltman plots are shown in Figure 3 for PSG vs. TAT stratified by AHI, showing that the mean difference between PSG and TAT was much closer to zero for those without SDB, and that fewer large differences were observed. This figure also shows that for those with SDB, actigraphy tended to underestimate sleep when compared with PSG. The number of measurements in each of the categories of absolute difference between PSG and actigraphy (using TAT) by categories of AHI were compared using the Mantel-Haenszel chi-square test, and a significant difference between the groups was observed (P <0.001). Figure 4 shows the percentage of measurements in each of these categories by categories of AHI. We see again from this figure that as AHI increases, larger differences are observed between actigraphy-based and PSGbased estimates of TST.
DISCUSSION
Results showed that compared to PSG, Time Above Threshold provided estimates of TST that agreed more closely with PSG than either of the other data modes using the UCSD algorithm. Although it has been argued that PIM most accurately identifies movement amplitude, 7 estimates of TST based on this data mode compared poorly to PSG in this sample of adolescents. While some methodological discussion has been offered as to the relative benefits and limitations of each actigraphy data mode, 7 little research has directly compared sleep-wake inference between data modes using clinical data. Zero Crossing Mode has typically been used for sleep-wake inference in adults, with little or no explanation for or justification of the choice of that mode. 22, 25 Our study questioned the assumption that this mode would be optimal in every population.
The use of wrist actigraphy as a method of estimating sleep time and sleep patterns is increasing as a measure of sleep that is simultaneously (1) more objective than sleep diaries and (2) less intrusive and expensive than polysomnography. A distinct benefit of actigraphy is the ability it provides researchers to collect data over multiple nights in the participant's normal sleep setting with minimal intrusion. This use is dependent upon actigraphy providing a valid objective measure of sleep duration compared to the "gold standard" of the PSG. Sleep-wake inference by actigraphy has been shown to be moderately accurate compared with PSG in adult and infant populations 12, 13, 25, 26 and in a mixed sample of healthy adults and adolescents. 27 It has been unclear whether these findings may be generalized to a larger sample of adolescents with a range of sleep disordered breathing severity, who may have patterns of sleep and movement that are different from both younger and older individuals. 4 This study compared estimates of TST from PSG and actigraphy using data collected concurrently on 181 adolescents. The nature of the study protocol allowed us to look at the agreement of actigraphy estimates of TST and the "gold-standard" of PSG, and also to explore this agreement for specific subgroups with different degrees of SDB identified by PSG. Our results showed that actigraphy provides good estimates of sleep time in adolescents without SDB but systematically underestimates TST in adolescents with SDB. This underestimation of sleep is consistent with results found in adults with severe SDB 12 and may be explained by limitations in motionbased algorithms to accurately classify SDB-associated movement arousals. In particular, actigraphy data were collected in one-minute epochs, which may be classified as wake in the presence of movement that may not constitute the wake state when analyzed neurophysiologically in 30-second scoring epochs.
Actigraphy more accurately estimated sleep duration in girls than in boys. Girls tended to have a longer TST and lower prevalence of SDB than boys. However, exploratory analyses suggested that differences in SDB did not explain the gender differences observed in the level of agreement for actigraphy and PSG estimates of TST (Tables 2 and 3) . It has been shown that the sleep patterns and movement during sleep vary between schoolage girls and boys, 14 between adolescent girls and boys, 15, 16 and between adolescents and younger children. 28 This study gives additional objective justification for such conclusions by showing that female and male adolescents differ in sleep duration, and that the reliability of actigraphy as a measure of sleep differs in these groups. While the etiology of these gender differences in movement during sleep is not well understood, the differences observed are likely attributable to differences in the pattern of movement during sleep.
In the TeenZzz study, as in other epidemiological studies of sleep employing actigraphy, 29, 30 actigraphy was primarily utilized to estimate average sleep duration over multiple nights. In this context, there may be less of an imperative to expect actigraphy to provide complete agreement with PSG, 31 but rather, provide estimates that are sufficient to distinguish subgroups with short, average, and long sleep durations. Thus, for our analysis we chose TST as a summary measure rather than pursuing an analysis of specificity and sensitivity of actigraphy sleep-wake inferences on a minute-by-minute basis.
The importance of estimating TST is underscored by recent studies showing clear associations of self-reported sleep duration with a variety of health outcomes, including diabetes, hypertension, coronary artery disease, and mortality. 32, 33, 34 Actigraphy is often used to objectively estimate sleep where sleep duration is used as a predictor for functional impairment or health outcomes. The present analysis shows that actigraphy may systematically misclassify sleep duration in certain population subgroups. Our data suggest the need for caution in interpreting associations of The subgroup differences observed in this analysis also point to the need for increased sensitivity to how actigraphy data are processed. Using a particular data processing mode and specific scoring algorithm in a new population should incorporate an assessment of how that population may vary from the population that was used in validating that analytic approach. Further, it should not be assumed that if actigraphy is shown to be a valid measure of sleep in a population, it will be equally valid for all subgroups of the population. The changes in reliability of actigraphy among subgroups underscores the importance of considering the impact of underlying sleep patterns and pathology on the accuracy of movement-based approaches for estimating sleep duration. Future research would benefit from further exploration of the root of these systematic biases. The proprietary scoring software utilized in our study was not developed considering the impact of disturbed sleep on sleep-wake inference. In addition, while the correlations were very high between TST as calculated by other algorithms available in the software, a single algorithm was chosen for this analysis. Additional research is also necessary to develop and test algorithms that are optimized to be more sensitive to the sleep and movement patterns exhibited by adolescents or that could control for some easily measured indicators of SDB.
The strength of this study is the selection of a relatively large sample of participants in an age group for which little validation of actigraphy has been done. The study sample allowed assessment of the impact of mild to moderate levels of SDB on sleepwake inference. However, since the majority of subjects were recruited from a community setting, the study was limited by relatively small numbers of subjects, particularly females, with high AHI.
In summary, our data show that TAT is the optimal data collection mode for actigraphy in an adolescent population; that actigraphy correlates reasonably well with PSG in adolescents, but that the level of agreement varies by levels of respiratory disturbance and by gender. Recognition of the variation in estimates of sleep from actigraphy in different data collection modes, between population subgroups, and across the age spectrum, may be of fundamental importance in the interpretation of actigraphy data for sleep estimation. 
